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Abstract 
Multi-wall carbon nanotubes (MWCNT) functionalized with a hyperbranched polyethylene (HBPE) and subsequently 
melt compounded with an ethylene-octene copolymer (EOC8100) matrix are examined in terms of their dispersion 
characteristics and electric field response. It was found that, when compared with their non-functionalized 
counterparts, HBPE-functionalized MWCNT produce substantially more uniform composites. On the other hand, 
MWCNT functionalization results in a higher electrical percolation threshold. Electrification of the composite melts 
showed that longer insulator-to-conductor transition times should be expected as a consequence of the improved 
dispersion quality. The functionalization, however, did not prevent MWCNT from forming highly electrically 
conducting networks in the melt, or exhibiting electric field-induced percolation thresholds of less than 1wt% filler.   
   
© 2012 Published by Elsevier Ltd. Selection under responsibility of the Congress Scientific Committee 
(Petr Kluson) 
 
Keywords: Polymer composites; Carbon nanotubes; Electric fields; Electrically conducting composites; Melt compounding 
1. Introduction 
Carbon nanotube/polymer composites constitute a class of emerging, value-added, materials that are 
expected to make an enormous technological and commercial impact. Owing to their superior aspect 
ratio, electrical, mechanical and thermal properties compared to carbon black and fibres, carbon 
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nanotubes (MWCNT) are now becoming the filler of choice in polymer composites when electrical 
conductivity, superior heat conduction, and mechanical robustness are desired material attributes [1]. 
Examples of existing or proposed applications include antistatic films, electromagnetic interference 
(EMI) shielding, coatings for electrostatic painting, automotive parts, reinforced aerospace materials, and 
sporting goods. Despite their theoretical potential, incorporation of MWCNT in commercial polymer 
composite formulations has so far been limited. Major bottlenecks in achieving desired product quality 
include poor dispersion of the MWCNT into the matrix, weak adhesion at the filler-matrix interface, and 
formation of discontinuous filler networks in the bulk of the polymer [2]. As a result, the properties of the 
resulting composites fall short of the expected performance.  
Research over the last few years has shown that polymer composites containing aligned MWCNT 
exhibit an enormous improvement in their electrical (four orders of magnitude), thermal, and mechanical 
properties over their isotropic counterparts [3]. Moreover, desired property values can be attained at 
significantly lower filler content [4]. Alignment and structuring of MWCNT in the polymer matrix during 
processing can be accomplished through the use of external force fields (electric, magnetic, or 
mechanical) [5]. This prospect presents the enticing possibility of creating engineering polymers with 
superior properties (higher commercial value) and lower production cost (due to filler conservation). 
Recently, a few studies demonstrated that use of externally applied electric fields in composites can 
produce high level of uniform MWCNT alignment and point-to-point contacts between the ends of the 
tubes. Most researchers used uncured epoxy resins, where alignment is more easily attainable due to low 
matrix viscosities [6-8]. Some preliminary, but promising, studies also exist on thermoplastics such as 
PMMA [9], however, the full potential of electrical forces in structuring MWCNT-filled thermoplastics is 
still largely unexplored.  
Successful manipulation and alignment of carbon nanotubes inside the polymer melt and, 
consequently, major improvements in the composite’s properties can only be accomplished when the 
nanotubes initially exist in the state of fine and spatially uniform dispersion. However, MWCNTs 
typically exist as either bundles of single wall carbon nanotubes (SWCNTs) or aggregates of multiwall 
carbon nanotubes (MWCNTs) held together by van der Waals forces and π - π interactions. These 
interactions will have to be broken, or moderated, in order for blending to occur. Experience shows that 
the dispersion of MWCNTs inside a polymer matrix is a non-trivial and rather challenging procedure, the 
outcome of which depends not only on the blending technique employed but, most importantly, on the 
nature and relative strength of the MWCNT/MWCNT vs. MWCNT/polymer interactions.  
A number of surface functionalization methods have been developed in order to either render 
MWCNTs dispersible in solvents, or improve their dispersibility in polymers. Covalent functionalization 
of nanotubes can improve the properties of the resulting composites through better nanotube dispersion in 
the matrix and enhanced nanotube/polymer interfacial binding [10]. Covalent functionalization can, 
however, disrupt the extended π conjugation in MWCNTs, which may introduce structural defects 
resulting in profound decline in the electrical properties of the nanotubes. An alternate way of tuning the 
surface properties of nanotubes without introducing irreversible changes is through non-covalent 
functionalization [11-13]. Recently non-covalent, nonspecific functionalization using a hyperbranched 
polyethylene (HBPE) was employed successfully to improve the dispersion of MWCNTs in organic 
solvents [14] and in polyolefin-based composites prepared by solution blending [15].  
The purpose of the present study is twofold: the first goal is to study the response of carbon nanotubes 
in a polyolefin melt under the influence of an AC electric field and find out whether electrification can 
improve the composites’ electrical properties. The second goal is to examine the effect of MWCNT 
surface functionalization on the electrical characteristics of the composites before and after treatment with 
an AC electric field. MWCNT surface functionalization is an effective means for achieving surface 
compatibility between polymer matrix and the filler. At the same time, it has the potential to cause 
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deterioration of the composites’ electrical properties due to MWCNT surface masking and finer/more 
stable filler dispersion. An investigation of these two conflicting trends will provide an answer as to 
whether MWCNT functionalization is desirable in applications where polymer composites are used for 
their electrical properties (electrostatic spray painting, dissipation of static electricity, EMI shielding, 
etc.).  
2. Materials and Methods 
2.1. Materials  
MWCNT (purity >95%, diameter 30 ± 15 nm and length 1- 5 μm) were purchased from Nanolab Inc. 
(Massachusetts, USA) and used as received. The specific surface area (SSA) of the nanotubes was 300 
m2/g determined by BET (Autosorb-1 Quantachrome, USA). HBPE was synthesized from ethylene using 
a chain walking Pd–diimine catalyst, as described in detail by Ye and Li [16]. HBPE has a complex and 
irregular dendritic structure, containing a large number of branches of various lengths (from methyl to 
hexyl and higher) and, more importantly, abundant branch-on-branch structures [15]. The polyolefin 
matrix was a poly(ethylene-co-octene) (EOC), trade name Engage 8100, density 0.87 g/cm3, MFI 1 g/10 
min at 190 oC, with copolymer content of 38 wt.%, obtained from Dow Chemical (Michigan, USA). The 
melting and crystallization temperatures of this polymer, as determined by differential scanning 
calorimetry (DSC) are 60 oC and 45 oC, respectively and the degree of crystallinity is 18 %. 
2.2. Functionalization of MWCNTs 
Mixtures of HBPE and MWCNT in tetrahydrofuran (THF) with mass ratio 1.0 were prepared by 
adding HBPE into dispersions containing 2.0 mg MWCNT/mL of THF. The resulting mixtures were 
sonicated for 1 h, and then stirred overnight. The supernatant solutions were vacuum filtered drop-wise 
through Cu-Formvar/Carbon film with pore size of 0.22 μm. After being washed twice with equal 
volumes of THF (6 mL) the filters were dried in a vacuum oven overnight at room temperature.  
2.3. Sample preparation 
EOC composites containing pristine and HBPE-functionalized MWCNT at contents ranging from 1.0 
wt% - 7.0 wt% were compounded using a DSM Research 5 mL Micro-Compounder (DSM Resolve, 
Geleen, Netherlands) at a temperature of 150oC, screw speed of 90 rpm and mixing time of 10 minute. 
The composites were then compressed into films 600 μm thick in a Carver press at 140°C for 2 minutes 
prior to DC conductivity test and electric field characterization. In addition, the samples were further 
compressed after the electric field characterization at 60°C for 1 minute before repeating electrical 
conductivity test. 
2.4. Sample characterization 
Optical microscopy of composite melts was obtained using an Olympus BX 51 microscope (Tokyo, 
Japan). Composite films were loaded on a Linkam SCC 450 Hot Stage (Surrey, UK) at 150oC and pressed 
to a thickness of 20 μm at 150°C. Images were recorded using transmitted light. Volume resistivity was 
measured under DC current at room temperature. Samples were prepared by compression molding the 
melt-compounded composites in a Carver press at 140oC and a force of 1400 N to get a thin film of 0.6 
mm. The thin composite film with a diameter of 6 cm was put into the measuring chamber (Keithley 8009 
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Resistivity Test Fixture) of the Keithley 6517B Electrometer/High Resistance Meter (Keithley 
Instruments, Inc., Cleveland, Ohio, USA) for an electrification time of 1 minute. 
2.5. Sample electrification 
Film electrification was performed inside a custom-made electrode cell (Fig. 1a). A perforated Teflon 
sheet (thickness, l = 600  10 μm) glued to the bottom stainless steel plate was used to form the 
cylindrical well (6.0 cm in diameter), inside which the sample was loaded and also acted as an electrode 
spacer. The sample was loaded into a cell that was pre-heated to 160°C with the aid of a hot plate. The 
temperature of the cell’s bottom plate was monitored using a thermocouple. At the end of each run, the 
samples were quenched before electrical conductivity test was done. The AC electric fields were 
generated using a Hewlett- Packard 33120A function/arbitrary waveform generator (Palo Alto, CA) 
coupled to a Trek 623B high voltage power amplifier with a maximum output of 2000 Vp-p (peak-to-
peak voltage) and 40 mA (Medina, NY). Sinusoidal electrical potentials with amplitude of 300 Vp-p and 
a frequency of 1 KHz were applied to the composites at 160°C.  The waveform generator/amplifier was 
connected in series to a 10,000 Ohm resistor, which was used to prevent a short-circuit arising from the 
conducting network formation. A Tektronix TDS 1002 digital storage oscilloscope (Beaverton, OR), 
connected in parallel, was used to monitor the potential difference across the testing device (Channel 1) 
and the total AC circuit (Channel 2). The current across the circuit was monitored with a current probe 
connected to a Tektronix TDS 1002B digital storage device (Beaverton, OR). 
 
 
 
 
  
 
 
Fig. 1. Schematics of the: (a) Electrode cell; (b) Test circuit used for electrification of the composites 
2.6. Online resistivity measurements 
Real-time resistivity measurements of the composite while in the melt state during electrification were 
made possible by measuring online the voltage and current across the electrode cell, as well as the 
respective phase angles in the circuit. These measurements allowed the calculation of the impedance 
across the electrode cell as a function of time: 
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|Z| is the magnitude of the impedance, E is the voltage across the cell and I is the current in the circuit. 
Knowing the phase angle and impedance, the resistance can be calculated, where: 
jXRZ  &                                                                                                                                     (2) 
1418   O. Osazuwa et al. /  Procedia Engineering  42 ( 2012 )  1414 – 1424 
 ZZR Tcos                                                                                                                               (3) 
R is the resistance, X is the reactance and θ is the phase angle. Knowing the resistance and the fixed 
dimensions of the well, the resistivity can be calculated:  
l
ARu U                                                                                                                                       (4) 
Where ρ is the resistivity, l is the well gap and A is the surface area of the well.  
3. Results and Discussion 
The working hypothesis behind the present work is illustrated in Fig. 2: surface functionalization of 
carbon nanotubes can assist in the breakup of large aggregates and lead to a finer and more homogeneous 
MWCNT distribution inside the polymer matrix during compounding. Moreover, MWCNTs that now 
exist in a disentangled form can interact with the electric field as individual particles and, driven by 
polarization effects, form strings of carbon nanotubes that span the gap between the electrodes. As 
expected, these phenomena will produce composites with spatial uniformity in both their electrical and 
mechanical properties. On the contrary, MWCNTs that have not been surface functionalized will exist in 
the form of aggregates that cannot be broken up completely during compounding. Although these 
MWCNT aggregates are expected to interact readily and more strongly with the electric field (due to the 
dependence of polarization forces on the size of the particles) the resulting composites will likely exhibit 
non-uniform mechanical or electrical properties.     
 
 
 
 
 
 
 
Fig. 2. Effect of MWCNT surface functionalization on its distribution inside a polymer matrix under an electric field. 
3.1. Effect of functionalization on filler dispersion 
The aforementioned hypothesis is first investigated in terms of whether a surface compatibilizing 
molecule such as HBPE can assist in carbon nanotube disentanglement. Fig. 3 shows optical images of 
thin composite films (1.0 wt% loading) prepared with and without HBPE surface functionalized 
MWCNT. The strong positive effect of MWCNT functionalization becomes obvious from these images. 
Compared with the non-functionalized MWCNT films, the functionalized-MWCNT counterparts display 
much fewer aggregates of significantly smaller size. The majority of the filler appears to be in fine and 
uniform dispersion. Light transmission images for composites of higher loading were not possible due to 
strong light absorbance by the filler. Further evidence, however can be found in a recent work by 
Osazuwa et al. [17], where substantially improved dispersions of HBPE-functionalized MWCNTs in a 
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lower melt viscosity polyolefin matrix are documented with the aid of TEM images for filler 
concentrations up to 5 wt%. In the present case, the use of a polyolefin with higher melt viscosity is 
expected to generate higher shear on the aggregates during compounding thereby causing even better 
MWCNT disentanglement, as recently shown in [18]. 
 
 
 
 
 
 
 
 
 
Fig. 3. Light transmission images of composites containing 1 wt% filler. a) Pristine MWCNT/EOC, b) HBPE-functionalized 
MWCNT/EOC. 
3.2. Effect of functionalization on the composites’ electrical properties  
The relationship between filler content and resulting volume resistivity of the composite is displayed in 
Fig. 4. The corresponding plot for pristine MWCNT is included for comparison. The composites 
containing pristine nanotubes are seen to follow a typical response with a percolation threshold value 
between 5 and 7 wt%. On the other hand, the resistivity changes exhibited by the composites prepared 
with functionalized nanotubes are more gradual, without the characteristic sharp drop in resistivity. At 7 
wt%, the resistivity difference between the two types of composites is close to two orders of magnitude. 
One obvious reason for this discrepancy can be found in the degree of carbon nanotube dispersion  
 
 
 
 
 
 
 
 
 
 
Fig. 4. Variation of volume electrical resistivity with filler content in MWCNT/EOC composites.   
between the composites. Poorer dispersion and the presence of larger size aggregates create favorable 
conditions for the creation of local electrically conducting particle networks at lower concentration. On 
the other hand, as attested by Fig. 3, the formation of electrically percolating networks among finely 
dispersed carbon nanotubes requires higher filler concentrations.   
This delayed percolation threshold that is observed in the HBPE-functionalized MWCNT/EOC 
composites may also be related to a possible contact inhibition between carbon nanotubes caused by the 
presence of the functionalizing agent. Our recent studies on the physisorption characteristics of HBPE on 
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the nanotube surface, however, showed that the polymer achieves an equilibrium surface coverage of 
approximately 30% [15, 17]. This leads us to believe that, since a large portion of the MWCNT surface is 
not masked by the polymer, the ability of carbon nanotubes to achieve contact is not compromised by the 
functionalization process. This assumption is investigated below with the exposure of the composite melts 
to an electric field.     
3.3. Dynamic response of the composite melts to an externally applied AC electric field 
Highly electrically conducting particles, such as carbon nanotubes, dispersed in a molten polymer are 
expected to be amenable to alignment and orientation upon application of an electric field by virtue of the 
large contrast in electrical conductivities between the particles and medium. Therefore, application of an 
electric field should allow the transformation of isotropic mixtures (random dispersions) of MWCNT 
within a polymer matrix to filler-matrix composites with an anisotropic structure that can significantly 
increase the transverse conductivity of the bulk polymer at relatively low filler contents. 
The transition of the composite melts from insulator to conductor under the influence of an electric 
field is captured here with the aid of online resistivity measurements. The dynamic response of the 
composites’ electrical resistivity is illustrated in Fig. 5, where the results are displayed as a function of 
time for a number of MWCNT concentrations. The electrical conductivity of the composite melt is here 
presented as the potential drop (V) across the electrode cell. Since the electrical circuit operates in a 
current-limited mode (constant current), drops in voltage across the cell are directly related to the drops in 
the composites’ resistivity.  
Here we define as “percolation time” (tp) the time span between the first moment the electric field is 
applied to a composite film and the time point at which the first sharp drop in the composite’s resistivity 
(or, equivalently, electrical potential difference across the cell) is observed. From the graphs it can be 
seen that the percolation time is inversely related to the amount of filler in the composite melts. This 
relation holds true for both functionalized and non-functionalized MWCNTs. It should also be noted that 
the slope of the voltage drop at the insulator-to-conductor threshold does not follow a constant pattern 
among the composites.  
 
 
Fig. 5. Dynamic responses of MWCNT/EOC composite melts to an externally applied AC electric field. The observed voltage drops 
across the cell correlates directly with the decrease in the composites’ volume resistivity. a) Pristine MWCNT/EOC, b) HBPE-
functionalized MWCNT/EOC.  
Another observation that can be made is with respect to the consistently faster percolation times for the 
composites containing pristine MWCNTs. These observations can be made more clearly from Fig. 6, 
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which depicts the relationship between percolation time and filler content for both types of composites. 
Comparing the two types of composites, one notes that the insulator-to-conductor transition times do not 
vary in the same manner with respect to filler composition. For the composites containing functionalized 
MWCNT, the relation is almost linear. The same cannot be said for the other type of composites. The 
differences between respective percolation times seem uncorrelated. For example, for 1 wt%, the 
percolation times of composites containing pristine and functionalized MWCNTs are different by a factor 
of less than two. As the filler concentration increases, the ratio between corresponding percolation times 
increases as the percolation times of the non-functionalized MWCNT-containing composites fall rapidly 
with concentration. For the cases of composites containing 5 and 7wt% pristine MWCNT, i.e., 
composites already very close or above the electrical percolation threshold, the corresponding percolation 
times are less that 1 s. This phenomenon can be partially explained by the fact that the strength of the 
electric field-induced interactions between filler molecules theoretically scale with the volume of the 
filler. It is therefore expected that the large aggregates contained in some of the composites will respond 
faster to the electric field and form conducting bridges quickly. 
 
 
Fig. 6. Percolation times of MWCNT/EOC composites exposed to a 300 V (peak to peak), 1 kHz AC electric field.  
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3.4. Electrical resistivity of the electrified composites 
As can be seen from the dynamic responses shown in Fig. 5, the rapid drops in the composites’ 
resistivity are followed by a plateau phase. The resistivity values corresponding to the plateau phases of 
the composites examined are shown collectively in Fig. 7 (solid squares) as a function of filler content. 
The percolation curves (solid circles) of Fig. 3 are included for comparison. Here three major 
observations can be made: (a) all composites exhibit impressively low steady state resistivity values when 
compared with the same samples prior to electrification (“No field” lines). Specifically, the observed drop 
in resistivity is approximately between 10 (low filler content) and 7 (high filler content) orders of 
magnitude. These resistivity values easily bring the composites in the territory of electrically conducting 
materials. (b) The steady state resistivity values are not strong functions of filler content. This effectively 
means that the electric field-induced percolation threshold for these composites exists at a lower 
MWCNT concentration. In other words, polymer composites with MWCNT concentration less than 
1wt% can potentially be rendered electrically conducting. (c) No substantial difference is observed 
between the resistivity values of the two types of composites.  
Fig. 7. Volume resistivity curves of composite films containing: a) Pristine MWCNT; b) HBPE-functionalized MWCNT. 
 
This observation is important since it proves that the HBPE coating on the carbon nanotubes does not 
inhibit the latter to achieve electrical contact. Therefore, all previous observations, such as delayed 
percolation threshold and longer percolation times, should be attributed to the better quality of filler 
dispersion inside these composites.    
The electrically conducting pathways formed by MWCNT during electrification of the molten 
composites are, unfortunately, disrupted upon solidification of the material. The resistivity values 
displayed by the same composites at room temperature are also shown in Fig. 7 (“Solid” lines). It can be 
seen that upon solidification the composite retains only a small portion of its volume conductivity. 
Improvements by only three or four orders of magnitude can be seen, however, the measured resistivities 
are still very high. These observations are characteristic of the fragility of the MWCNT channels that 
develop with an electric field. Apparently, density changes in the polymer matrix during rapid cooling 
from 160 oC to room temperature can have a profound effect on the formed MWCNT structures. 
Compression of the composite films (from 600 to 500 Pm) in an attempt to bring again together disrupted 
MWCNT bridges has actually deleterious effects, as shown by the resistivity curves of Fig. 7 
(“Compressed” lines). The above results suggest the development of a method that will allow the solid 
composite films to preserve the filler structure, and hence superior electrical conductivity, acquired in the 
melt sate. Work on this front is currently ongoing in our group. 
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4. Conclusions 
The electrical properties of polyolefin-based (EOC) composites containing carbon nanotubes non-
covalently functionalized with a hyperbranched polyethylene (HBPE) were examined. It was found that 
functionalization has a beneficial effect on nanotube dispersion and produces isotropic composite devoid 
of large aggregates. An undesirable implication of that is the observed increase in the electrical 
percolation threshold of these composites. Non-functionalized composites therefore may be the material 
of choice in applications where some degree of aggregation can be tolerated in exchange for higher 
electrical conductivity at lower MWCNT contents. Our previous studies, however, have shown that the 
lack of nanotube functionalization also causes some compromise in the composites’ ductility [17].  
The ability of these HBPE-functionalized MWCNT to assemble into electrically percolating networks 
inside a molten matrix and under the influence of an AC electric field was also tested. The measured 
percolation times were significantly (by a factor of two or more) longer than those found for non-
functionalized MWCNT; a phenomenon that was again attributed to the big differences in the quality of 
nanotube dispersion. Surface functionalization was not found to be an obstacle in the formation of 
electrically conducting bridges between nanotubes. The volume resistivity values attained from MWCNT 
alignment inside the polymer melt during electrification were impressive and between 7 and 10 orders of 
magnitude lower. Moreover, it was observed that the electric field-induced percolation threshold is 
significantly lower than that of the compounded composites, which opens the door to the prospect of 
using electric fields for the generation of electrically conducting composites with only a fraction of the 
conducting filler that is normally required. At the present time, however, much of this high conductivity is 
inevitably lost during the quenching of the composite to room temperature due to the disruption of the 
conducting bridges between the filler particles. 
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